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Abstract 
Modem developments such as the Differential Global Positioning System (DGPS) and echo-sounding 
enable fast, accurate and cost-effective surveys of the area distribution of emersed and submersed 
macrophytes. The basis of the surveys is provided by accurate digital positioning of the shore line in 
order to obtain a clear delimitation of the areas under water for vegetation surveys and to link the digi- 
tal model of the lake basin across the shore line to an existing terrestrial digital terrain model. The 
stands of macrophytes are systematically mapped from the boat by echo-sounding the littoral zone. 
Scuba diving is used for identifying species, determining vegetation density and delimiting homo- 
geneous zones of plant cover. Based on these surveys, the parameters necessary for evaluating the 
macrophyte v getation according to the Austrian standard ONORM M 6231 can be determined and in- 
cluded in the status classification of the lake according to the Water Framework Directive. The digital 
terrain model also serves water conservation numerous applications inthe field of water ecology, help- 
ing with issues uch as water management, hydrology and nature conservation. 
Key words: Lakes Water Framework Directive - macrophytes in lakes - mapping method - scuba 
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Introduction 
The aim of implementing the European Commission's 
Water Framework Directive is to achieve a "good eco- 
logical state" of the waters in Europe in the long term. 
This also requires an examination and assessment of all 
still waters from areas of 50 hectares upwards. One of 
the "quality components" tobe used to evaluate the eco- 
logical status are the aquatic macrophytes. However, 
suitable basic data are available for only a small number 
of lakes in Austria (DoKuLm et al. 2001). It was there- 
fore deemed necessary to develop an appropriate 
method for making comprehensive, quick and cost-ef- 
fective surveys of the macrophyte stands in the larger 
lakes (J~GER et al. 2002). 
In order to derive information on the state of the wa- 
ters based on the macrophyte vegetation, it is essential to 
obtain an overall view. Macrophyte mapping in lakes 
therefore considers the entire littoral up to the vegetation 
boundary, which can also be found at depths of more 
than 20 meters. The littoral is divided into zones with 
homogeneous vegetation cover, within which the re- 
spective species pectrum is surveyed according to vari- 
ous criteria, such as for instance quantitative occurrence 
and species-specific growth heights (PALL 1999, 2004). 
Based on these data, an assessment of the water state can 
then be made according to ONORM M 6231 (PALL & 
J~GER 2001 ; HEBERLING & J~GER 2001). 
The surveying of reed, rush and floating-leaf plant 
zones has so far been done from the boat, mapping the 
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underwater plants by scuba diving. The surveying of 
areas of emersed macrophyte stands was done using 
aerial photographs oroptical surveying involved consid- 
erable ffort, but was still sufficiently accurate. It has not 
so far been possible to justify the effort involved in accu- 
rately surveying the underwater vegetation i  larger 
lakes. Wide-scale scuba diving (MELzER et al. 1986; 
PALL 1996) particularly in the larger lakes is very com- 
plex, cost-intensive and still fairly inaccurate, because 
the divers were only able to orientate themselves to 
depth levels using their depth gauges and the maps of the 
lake depth contours are generally insufficiently accurate 
to allow exact positioning of the diver over depth lines. 
If the results of studies into riparian vegetation of 
large lakes were transferred to conventional maps of 
lakes using the method for GIS representation applied so 
far, a pseudo-accuracy was achieved including some 
major errors arising on one hand due to the original map 
used as base and on the other being due to the fact that 
accurate positioning of the investigator had not yet been 
possible. Limits of distribution and area surveys could 
therefore only be used as a basic survey or for the obser- 
vation of the further development of the macrophyte 
stands of the lakes if in addition and geodetic survey of 
the stand limits was done on selected transects, which 
naturally further increased the work involved. 
The analysis of aerial photographs is suitable for ter- 
restrial vegetation and the emersed aquatic vegetation; 
the surveying of the submersed vegetation is possible in 
the shallow bank zone up to about 4 meters water depth 
in terms of the surface xtent with high effort and pro- 
viding the weather allows it. Surveying the shore line 
from aerial photographs is impossible in, for example, 
high reed stands. Plant species can at any rate be identi- 
fied on site. 
Through the development of the technique of echo- 
sounding in conjunction with the ever greater positional 
accuracy of GPS or "differential" GPS data, a method 
has now been developed which allows fast, accurate and 
cost-effective surveying of the entire macrophyte stand 
in large lakes and offers further important follow-on 
products for water management and water and nature 
conservation (JAGER et al. 2002). 
The method has been developed since the end of the 
90 ~ at the Trumer lakes, Salzburg, Austria. Until now 
several lakes in Austria have been investigated accord- 
ing to this method. In the following some results from 
the Lake Weissensee (Carinthia), Lake Mondsee (Upper 
Austria) and Lake Zellersee (Salzburg) are presented. 
Echo-sounding of water body 
and macrophyte vegetation 
Information carrier in the process of surveying the space 
between the water surface and the lake bottom is the 
sound wave, that ravels through the water body and thus 
enables the mapping of the water depth. Modern scien- 
tific instruments, so-called echo-sounders, work accord- 
ing to the same principle, but meet higher standards. 
They are not only able to measure the water depth, but 
simultaneously collect information about all objects in 
the water (MEDWIN ~; CLAY 1997; URICK 1983). Echo- 
sounders consist of a sender and a receiver. The sender 
produces a series of high frequent sounds, so-called 
pings. These pings travel through the water as a bundle 
of sound waves. When they encounter an object, such as 
a plant or the lake bottom, they are reflected and regis- 
tered as a form of an echo by the receiver. Based on the 
travel time the depth of the registered object is mea- 
sured. The results are digitally processed and displayed 
in echograms. 
It is therefore absolutely appropriate to speak of 
"a picture-output procedure". Through the digital 
recording of the echo-sounding, the echograms can later 
be analysed, answering different kinds of questions - 
e.g. submerse vegetation orfish. A more detailed techni- 
cal and theoretical description of the applied technology 
of digital echo-sounding in connection with DGPS (Dif- 
ferential Global Positioning System) is laid out in JAGER 
et al. (2002) and DUMFARTtt (2003). 
In practice data collection on the water surface is car- 
ried out by a combination ofdifferent hardware lements 
such as Laptop, DGPS (Differential Global Positioning 
System to the technology of GPS or DGPS; - see for in- 
stance BAUER 1997), and RTCM~-receiver in order to 
gather DGPS correction-data; - e.g ALF 2, 2 GSM 
modems for data exchange and the digital recording 
echo-sounder that receives the exact horizontal position. 
Echo-sounding collects data along profiles, that are lines. 
The quick sequence of the pings results in an extremely 
high information density along these lines. Not only the 
water ground, but also the macrophytes are part of the de- 
tailed and accurate description of the water body. Howev- 
er, no data are available between these profiles. Data col- 
lection must herefore be modified in order to obtain a de- 
scription of the whole area. It is recommended to work 
with meandric profiles in the surveying process, which 
come close to a raster profile. In littoral areas the spacing 
between these profiles typically is at intervals from 10 to 
20 m. In the profundal zone the profiles do not have to be 
as dense as in the littoral areas, as there is no vegetation 
and the relief energy is relatively low. 
L RTCM [Radio Technical Commission for Maritime Service]: 
data link for real time differential correction of roving re- 
ceivers. 
2 ALF [Accurate Positioning by Low Frequency]: 123.7 kHz 
long wave DGPS correction data for real time differential 
correction, provided by Deutsches Bundesamt ffir Kartogra- 
phie und Geod~isie and Deutsche Telekom AG. 
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Fig. 1. The digital echogram of the Lake Weissensee (Carinthia, Austria)in the ArcView application "Sonarview". Up left, an "echogram win- 
dow" showing the results of the echosounding. The solid black line marks the bottom which stands in sharp contrast tothe vegetation. The thin 
black line between the vegetation and the water body is the result of the automatic vegetation detection representing the upper edge of the 
vegetation. Below, the bottom of the lake that is stretched to a straight line. Clearly visible the sub-aquatic vegetation. To the right, the record- 
ed surveying line. The windows are linked in a way that the geographic reference points of each sample of the echogram can be retrieved 
through a simple query. Investigation by order of Landesregierung Carinthia. 
By means of DGPS, lake oriented elimitations of
reed, cane or floating leaf plants can be assessed with 
high accuracy. A limiting factor of the surveying and 
mapping accuracy is not the DGPS but the lacking mo- 
bility/ agility and raft of the boat. As a consequence the 
vegetation zones have to be generalized toa certain ex- 
tent. The actual vegetation zones can be used as refer- 
ence guidelines. The surveying lines form polygones, 
that contain additional information (i.e. density of vege- 
tation type). 
Small electric boats with little draft are used to reduce 
the damage in the protected vegetation zones. With suf- 
ficient water depth the water line is surveyed by boat, in 
shallow areas and in dense vegetation on foot. 
The raw data of the echo-sounding, which is horizon- 
tally and vertically geo-referenced, arerecorded as binary 
data sets. These data sets are subsequently converted into 
ArcView grid data by means of an interface. The interface 
is part of an application, that is not only based on the GIS 
software ArcView, but also fully integrated. As most of 
the private and public enterprises use ArcView as a work- 
ing tool, the results of the echo-sounding can be commu- 
nicated throughout the German speaking countries. 
The results are basically slices through the water body 
and can be compared to a rectified and geo-referenced 
photo. Similar to an orthophoto, it is possible to show 
every single point in space, assign a geographic position 
to any visible object above the bottom or underneath e 
water surface, and apply the dB values to the objects. 
The ArcView Grid Echograms give evidence of any ob- 
ject at a given time and a given location. These ArcView 
Grid Echograms are delivered to the client, so that he 
can re-evaluate he data for each location at the time of 
echo-sounding. Fig. 1 shows the recorded surveying line 
and a digital echogram of the Lake Weissensee. 
The ArcView Grid Echograms are subsequently ap- 
plied to the calculations of Digital Elevation Models as 
well as for the analysis of dispersion and height of sub- 
merse vegetation. The applicability of echo-sounding 
for such settings is repeatedly covered in the literature 
(BIOSONICS 2002; SABOL et al. 1994; SABOL & BUR- 
CZYNSKI 1998; BURCZYNSKI et al. 2001). 
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Surveying the species composition 
and further vegetational aspects 
of macrophyte vegetation in large lakes, 
evaluation and results 
Based on the results of the echo-sounding lakes can be 
delimitated into structurally different regions of the 
macrophytes. In each region one to five transects will 
be observed. The number of transects to investigate 
depends on the size and uniformity of the respective 
area. The mapping of the macrophytes takes place be- 
tween the long-term mean-water line and the limit of 
vegetation i the depth of the lake. 
The mapping of the macrophyte vegetation according 
to the 0NORM M6231 includes the helophytes, floating 
leafed plants and the submersed vegetation. Whereas the 
species composition and density of the helophytes and 
floating leafed plants are recorded from the boat, the 
submersed vegetation is mapped by scuba diving. The 
transects will be mapped according to the method of 
PALL (2004). Based on the mapping method from 
KOHLER (1978) the species pectrum and the quantita- 
tive amount of the single species will be recorded. 
Therefore the plant mass (abundance) is specified on a 
scale from 1 to 5.1 means a very rare stock of the re- 
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spective species whereas 5 is equivalent to very com- 
mon / plentiful. A further essential p rameter is the map- 
ping of the depth zonation of the vegetation (PALL 1999). 
For statements concerning structural questions it is also 
necessary to notice the species' specific growth heights 
(PALL 2004). The structure of the macrophytes plays n 
important role concerning specific questions about he 
fish biology (PALL & JXGER 2001; ONORM M 6231). 
In addition to the vegetation some abiotic parameters 
like shading, substrate etc. are part of the investigation. 
They are essential parameters for further ecological 
questions. Each transect is also marked with GPS. The 
exact measurement of the position is on the one hand 
necessary for cartographic descriptions of the results of 
the vegetation mapping and on the other hand essential 
for later investigations. The results of the scuba diving 
allow the description of homogeneous vegetation zones, 
which are the starting points for further analysis. 
With the results from the investigation of the vegeta- 
tion, combined with the echograms from the echo- 
sounding it is possible to make statistic analyses which 
are representative for each respective r gion of the lake. 
This allows a transfer from the results of the transects to 
the whole lake and enables to make area related balances 
of the vegetation. 
Fig. 2. The digital echogram of the Lake Zellersee (Salzburg, Austria) n ArcView. Up left, an echogram with the results of the echo-sounding. 
Below, the transfer from the data of the mapping into the bottom of the lake that is stretched to a straight line. The colored lines are significant 
for different vegetation units and their average growth heights. On the right side the colored recorded surveying line with the lake specific ver- 
tical expansion of the macrophytes can be seen. Investigation by order of Landesregierung Salzburg. 
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As a first step it is necessary to transfer the recorded 
data from the mapping into the echograms. This pro- 
cess usefully takes place in the program ArcView. 
Therefore the lake specific vegetation units with their 
specific growth heights are sketched into the diagram 
of the bottom of the lake that is stretched to a straight 
line. Afterwards the recorded surveying line is colored 
by the lake specific vertical expansion of the macro- 
phytes. Fig. 2 shows this procedure for the Lake 
Zellersee. 
The following evaluation of the colored recorded sur- 
veying line allows a delimitation of homogeneous vege- 
tation zones. So each investigated transect is representa- 
tive for a region of the lake. As a result area related e- 
scriptions and analyses are possible. The cartographic 
distributions reach from maps with the abundance of 
single species, of the whole vegetation (PALL 2004) to a 
representation f the dominant vegetation. 
In Fig. 3 Lake Zellersee is delimitated into zones of 
homogeneous vegetation. The straight lines represent 
the boundary between different regions. The dominant 
vegetation i  Lake Zellersee is shown in Fig. 4. Dark 
grey are areas which are dominated by various pecies of 
Myriophyllum, Potamogeton and Elodea. The middle 
grey colour represents he typical pondweed belt and the 
light grey area is vegetated with Characeae. The addi- 
tional dots in some areas also stand for Characeae. The 
white area near to the middle of the lake is dominated by 
Elodea nuttalIii. 
The vegetation of the submersed macrophytes (in- 
cluding Characeae, higher submersed plants, mosses 
and floating leafed plants) can be divided further into the 
relative plant mass of each species (PALL & JANAUER 
1995). It shows which species are the most common in a 
lake and which ones play just a subordinate role. 
The example of the relative dominance frequencies in
the Lake Mondsee is shown in Fig. 5. The most common 
plant in the lake is Potamogeton pusillus. Its relative 
plant mass is more than 30%. The species is followed by 
Elodea nuttalli and Potamogeton pectinatus. The rest of 
the species not even reach the 10% value. 
Apart from the calculation of the relative plant mass 
of the species, the distribution with the depth of each 
species according to PALL (1996) is very interesting 
from the ecological point of view. Every species has its 
own specific distribution within the depth. The evalua- 
tion of the results of the mapping of the depth zonation 
of the vegetation allows to characterize the typical depth 
of distribution for each species. 
The example in Fig. 6 shows that Chara aspera in the 
Lake Mondsee is a species that is more common in shallow 
regions. The range of distribution is from 0.5 m to 3.5 m. 
The centre of distribution is found in a depth of about 2 m. 
The results allow to typify different lakes, to specify 
polluted areas, to describe the distribution of different 
species in a lake and even within the depth. This method 
provides rapidly data from the vegetation applying for 
the whole lake. 
You get a complete view of the water body with its 
vegetation. 
Based on these possibilities of evaluation and carto- 
graphic description this mapping method provides many 
ecologically important results for further methods of 
ecological assessment and status classification of 
macrophytes according to the Water Framework Direc- 
tion and the ONORM M 6231. 
Figs. 3-4. Fig. 3 (on the left hand) shows the delimitation of homogeneous vegetation zones in Lake Zellersee (Salzburg, Austria). In Fig. 4 (on 
the right side) the dominant vegetation is shown. Investigation by order of Landesregierung Salzburg. 
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Fig. 5. Relative dominance frequen- 
cies of different submersed plants in 
the Lake Mondsee (UpperAustria) de- 
scribed by the relative plant mass 
(from PALL & MOSER 2003). Investiga- 
tion by order of Landesregierung 
UpperAustria. 
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Fig. 6. Chara aspera with its typical distribution within the depth in 
the Lake Mondsee (UpperAustria)(from PALL & MOSER 2003). Investi- 
gation by order of Landesregierung UpperAustria. 
Products and follow-on products, outlook 
• Three-dimensional survey trace 
Documentation fecho-sounding asan ArcView grid on 
a data carrier. 
• Bank formation and bank classification 
With the survey of the shore line it is possible to map the 
data set for the bank morphology, Tables 4-6, according 
to ONORM M 6231 at the same time. 
• Processing of terrain data 
The acquired ata furthermore provide raw material for 
calculating high-resolution spatial digital models of the 
lake basin (ISSAKS ~; SRIVASTAVA 1989; DUMFARTH 
200 la, 200 lb) supplemented bythe echo-soundings of
the lake basin's geomorphology in the deeper areas. The 
digital ake basin can be linked via the current shore line 
to a terrestrial digital terrain model to achieve a smooth 
join between lake and land. These models in turn pro- 
vide the basis for further important follow-on products. 
Amongst others, depth contours can be derived using 
any equidistance. Also the volume and area (planimetric 
and "surface" area) at various depths can be found by 
simply pressing several keys. 
• Position, depth distribution and area of vegetation units 
Vegetation units are displayed in terms of position and 
depth in relation to the shore line based on the long-term 
mean water level and can be appraised for the whole 
area, With variable depth lines it is possible to obtain re- 
sults for different water levels. Transects for long-term 
studies are now being chosen based on the actual distri- 
bution of the macrophyte stands (PALL 2004). 
• Further vegetational nalyses 
Species spectrum, plant quantity and distribution of 
species; density, quantitative proportions, composition 
and zonation of vegetation units, vitality of stands, iden- 
tification of species typical for the terrain, distribution of 
growth shapes, riparian morphology or the dynamics of 
natural bank formation are further aspects according to 
0NORM M 6231 which are collected and evaluated by 
specialists. 
• Exact survey coordinates as the basis for fol low-up 
investigations 
The measured survey coordinates erve as a starting 
point for follow-up investigations based on accurate po- 
sitions and lead to position comparisons and area ap- 
praisals with accuracy so far unparalleled. 
• Practical application of the method 
The described method appears uitable for describing 
and evaluating macrophytes as a biological quality 
parameter in lakes in conformity with the Water Frame- 
work Directive. Once the data from all the larger Austri- 
an lakes have been collected, a proposal will be made for 
generating vegetation metrics in order to evaluate the 
macrophyte vegetation i large lakes. 
Limnologica (2004) 34,140-146 
146 R J~iger et al. 
• Further areas of  application 
Further important areas of application for digital lake 
models lie in water management and nature conserva- 
tion, e.g. for high-water models, compliance with regu- 
lations, use of banks, etc. The digital information will 
also flow into future management plans for the lake 
catchment areas. 
• Additional information on substrate 
Current development aims at the additional integration 
of algorithms for soil classification in order to gain 
greater certainty in the identification of low-growing 
plant species and at the same time to gain information 
about he soil substrate (rock, gravel, sand, mud, etc.). 
• Fish fauna 
With echo-soundings of macrophyte stands at the same 
time snapshots of the fish stocks close to the banks are 
obtained whose utility in terms of fish ecology is cur- 
rently being assessed. Clearly recognizable are the struc- 
ture-orientated habitat preferences of different fish in 
various size categories at the time of echo-sounding. 
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